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Outline 
• Introduction 
– What is Vertical Replenishment 
– Literature Review & Research Objectives 
 
• Robotic Manipulator Design 
– Design Requirements and Challenges 
– Physical Design Process 
– Check with a Controller  
 
• Conclusion 
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Literature Review 
• DLR Light-Weight Robot III [Albu-Schäffer et al. 2007] 
– 7 DoF with a DLR design 
– 1:1 weight to load ratio (14 kg) 
– Harmonic drive gears 
– Joint limits 120 deg/s 
 
• Autonomous Mini Helicopter with 
Manipulator [Huber et al. 2013] 
– Fly drone to target 
– Grabbed vertical pipe 
 
 Autonomous helicopter with the Light 
Weight Robot 7 DoF arm in ARCAS project 
Image credit: University of Sevilla/AICIA 
CAD rendering of Light-Weight-Robot III 
Image credit: DLR  
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Research Objectives 
• Develop a manipulator that can be attached to 
existing US Navy helicopters 
 
• Develop a system that can make Vertical 
Replenishment safer and more efficient 
 
• Develop an autonomous control system that can 
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Design Requirements 
• Workspace 
– Minimum 0.61 m 
– Reach every location 
 
• Compensate for helicopter 
and pendent motion 
 
• Track pendent in and out of 
workspace 
 
• Manipulate minimum 11.4 kg 
load 
 
Mk 105 Hoisting 
Sling 
   11.4 kg 
   2.13 m reach tube 
   0.2 m loop at top 
Two men hook up hoisting sling to cargo hook 
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Interior of MH-60S and Cargo Hook 
MH60S cargo hook 
Image credit: MH60S NATOPS manual 
Interior of MH60S  
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Challenges in Manipulator Control 
• Two moving objects  
– Hovering helicopter & target on a moving ship 
– It is hard to predict relative motion of the target with 
uncertainties and disturbances 
 
• Manned helicopter & autonomous or remote 
manipulation control 
 
•  Target may be in and out of workspace of 
manipulator  
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Choose of Design 
• Anthropomorphic 
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Preliminary Physical Design 
Joint Min Max Link 
(m) 
1 - - 0.05 
2 -10° 190° 0.05 
3 -170° 170° 0.50 
4 -80° 260° 0.50 
5 - - 0.05 
6 -80° 260° 0.10 
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Kinematics: Denavit-Hartenberg Convention 
𝑎𝑎𝑖𝑖 Displacement from 𝑂𝑂𝑖𝑖 to 𝑂𝑂𝑖𝑖′  
𝑑𝑑𝑖𝑖  Coordinate of 𝑂𝑂𝑖𝑖′  along 𝑧𝑧𝑖𝑖−1 
𝛼𝛼𝑖𝑖  Angle from axes 𝑧𝑧𝑖𝑖−1 to 𝑧𝑧𝑖𝑖 about axis 𝑥𝑥𝑖𝑖  
𝜗𝜗𝑖𝑖  Angle from axes 𝑥𝑥𝑖𝑖−1 to 𝑥𝑥𝑖𝑖 about axis 𝑧𝑧𝑖𝑖−1 
𝑨𝑨𝑖𝑖𝑖𝑖−1 =
co s(𝜗𝜗𝑖𝑖) − sin 𝜗𝜗  co s(𝛼𝛼𝑖𝑖) sin 𝜗𝜗𝑖𝑖  si n(𝛼𝛼𝑖𝑖) 𝑎𝑎𝑖𝑖 co s(𝜗𝜗𝑖𝑖)
si n(𝜗𝜗𝑖𝑖) cos 𝜗𝜗𝑖𝑖 co s(𝛼𝛼𝑖𝑖) − cos 𝜗𝜗𝑖𝑖 si n(𝛼𝛼𝑖𝑖) 𝑎𝑎𝑖𝑖 si n(𝜗𝜗𝑖𝑖)
0 si n(𝛼𝛼𝑖𝑖) co s(𝛼𝛼𝑖𝑖) 𝑑𝑑𝑖𝑖
0 0 0 1
 
𝑻𝑻𝑛𝑛0 𝒒𝒒 = 𝑨𝑨10 𝑞𝑞1 𝑨𝑨21 𝑞𝑞2 …𝑨𝑨𝑛𝑛𝑛𝑛−1(𝑞𝑞𝑛𝑛) 











1 0 0.05 90° 𝑞𝑞1 
2 0.05 0 -90° 𝑞𝑞2 
3 0.5 0 0 𝑞𝑞3 
4 0.5 0 90° 𝑞𝑞4 
5 0 0.05 -90° 𝑞𝑞5 
6 0.1 0 90° 𝑞𝑞6 − 90° 
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Design Verification with PD Control 
• Tracking Method  
– Operational Space PD Control with Gravity Compensation 
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Operational Space PD Control 
𝓃𝓃 𝒒𝒒, ?̇?𝒒 = 𝑪𝑪 𝒒𝒒, ?̇?𝒒 ?̇?𝒒 + 𝒈𝒈 𝒒𝒒 + 𝑭𝑭?̇?𝒒 
𝒈𝒈 𝒒𝒒  Gravitational force diagonal matrix 
𝑭𝑭?̇?𝒒 Forces on each joint 
𝑪𝑪 𝒒𝒒, ?̇?𝒒 ?̇?𝒒 Coriolis Effect 
Why Operational Space? 
• Kinematics embedded loop 
• Used to apply force on 
environment 
Siciliano et al., Robotics: 
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Performance (displacement) 
• Distance Error 
 The manipulator can 
track a moving pendent 
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Linear-Quadratic Model Predictive Control 
• Effective control method to deal with constraints 
• Unconstrained results 
  In progress  
  Control input constraints and 
obstacle avoidance constraints 
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Conclusion 
• Shows a proof of conceptual design 
• Need a prediction tracking method 
– With a slow target there is a 0.04 m displacement 
• Flat sea state and low to no wind 
– With a fast target there is over 0.2 m displacement 
• Rough sea state and high winds – NATOPS VERTREP Limit 
• Need an improved method for obstacle avoidance 
• Future Work 
– Test different manipulator designs  
– Add orientation problem 
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Questions 
